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Asynchronous Onset of Odorant Receptor Expression
in the Developing Zebrafish Olfactory System
Alison L. Barth, Nicholas J. Justice, and John Ngai gene and its projection to a specific glomerulus in the
Department of Molecular and Cell Biology olfactory bulb. Individual olfactory neurons are believed
Division of Neurobiology to express only one or a few odorant receptor genes
University of California (Ngai et al.,1993a; Chess et al., 1994). Eachcell therefore
Berkeley, California 94720 possesses a discrete functional identity based on the
receptor(s) it expresses. How does an olfactory neuron
select a specific gene fromthe enormous odorant recep-
tor repertoire? In the catfish, cells expressing a givenSummary
receptor are distributed in an apparently random array
throughout the olfactory epithelium (Ngai et al., 1993a).The functional identity of an olfactory neuron is deter-
mined in large part by the odorant receptors it ex- In rodents, the expression of specific odorant receptors
presses. As an approach toward understanding the appears to be restricted to one of four broad zones in
events that underlie the specification of olfactory neu- the epithelium, although neurons expressing a particular
rons, we have examined thepatterns of odorant recep- receptor are distributed randomly within a zone (Strot-
tor gene expression in the developing zebrafish. Sur- mann et al., 1992; Ressler et al., 1993; Vassar et al.,
prisingly, we find that the onset of specific odorant 1993). These observations are consistent with the hy-
receptor expression occurs asynchronously in the de- pothesis that the specification of odorant receptor gene
veloping olfactory placode. Our results suggest that expression reflects a stochastic process (Ngai et al.,
odorant receptor expression is not strictly stochastic, 1993a; Chess et al., 1994; Lewin, 1994). However, the
but rather is governed by temporally regulated cues mechanisms governing the expression of odorant re-
duringdevelopment. Moreover,by restricting thenum- ceptor genes remain largely unknown.
ber of receptor genes competent for transcription at To facilitate an analysis of odorant receptor gene reg-
different times of development, temporal waves of ex- ulation and olfactory coding, we have examined the pat-
pression may provide a mechanism for simplifying the terns of odorant receptor gene expression during em-
regulation of the large odorant receptor gene family. bryogenesis and later development in the zebrafish,
Danio rerio. The zebrafish presents many experimental
advantages for studying gene expression during devel-
Introduction opment (see Eisen, 1991a; Nusslein-Volhard, 1994).
Moreover, the zebrafish is especially attractive for
The perception and discrimination of thousands of dif- studying odorant receptor gene expression and olfac-
ferent odorants by the vertebrate olfactory system re- tory neurogenesis, owing to the remarkable simplicity
sults from the activation of specific olfactory neurons of its olfactory apparatus. Previous studieshave demon-
within the olfactory epithelium of the nose (reviewed by strated that the zebrafish olfactory bulb contains only
Lancet, 1986; Reed, 1992b). Activity from these cells is z80 glomeruli (Baier and Korsching, 1994), as compared
then interpreted by the brain to identify the molecular with several thousand in mammalian species (Pomeroy
identity of a given odorant stimulus. How is this process et al., 1990; Meisami and Sendera, 1993), and at least
of molecular recognition and sensory perception ac- one-quarter of these glomeruli are stereotyped in their
complished? A large multigene family thought toencode morphologies and anatomical positions between bulbs
odorant receptors was initially identified in the rat (Buck from conspecific zebrafishes. By analogy to the catfish,
and Axel, 1991). The predicted structure of these recep-
we also expect the zebrafish to possess a more limited
tors exhibits a seven transmembrane domain topology
odorant receptor repertoire as compared with those of
characteristic of the superfamily of G protein±coupled
mammals (Ngai et al., 1993b). Thus, the numerical andreceptors. The size of the odorant receptor repertoire
anatomical simplicity of the zebrafish olfactory systemin mammals appears to be extremely large and is esti-
should facilitate an analysis of the molecular and cellularmated to contain as many as 1000 individual genes
basis of olfactory coding in a vertebrate species.(Buck and Axel, 1991; Levy et al., 1991; Parmentier et
We have identified members of the zebrafish odorantal., 1992; Ben-Arie et al., 1994). In the catfish, where the
receptor gene family based on their homology with odor-number of perceived odorants is more limited, the size
ant receptors from mammals and catfish (Buck and Axel,of the odorant receptor repertoire appears to be much
1991; Ngai et al., 1993b). We find that the zebrafishsmaller and may contain as few as 100 genes (Ngai et
odorant receptor repertoire is numerically simple, on paral., 1993b).
with that of the catfish, which is thought to contain z100The characterization of the family of odorant receptor
genes (Ngai et al., 1993b). Interestingly, an analysis ofgenes has allowed a molecular analysis of mechanisms
odorant receptor gene expression during zebrafish de-underlying the coding of olfactory information (Strot-
velopment reveals that the onset of receptor expressionmann et al., 1992; Ressler et al., 1993, 1994; Vassar et
is asynchronous. We have identified at least threeal., 1993, 1994; Ngai et al., 1993a; Shepherd, 1994). From
classes of odorant receptors based on their timing ofthese analyses emerges a model wherein the ``hardwir-
expression. Two classes are expressed during or sooning'' of the peripheral olfactory system is dictated by an
olfactory neuron's expression of a particular receptor after the time when the first olfactory neurons arise in
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the olfactory placode. In contrast, the third class of re-
ceptors arises late in development, after the time of
hatching. These temporal waves suggest that the ex-
pression of odorant receptors is not strictly stochastic.
Rather, the late appearance of a subset of odorant re-
ceptors may reflect the role of external cues in regulating
the expression of specific receptors.
Results
Isolation and Characterization of Zebrafish Odorant
Receptor Sequences
The isolation of zebrafish odorant receptor sequences
was based upon their expected similarity to the odorant
receptors previously identified in rats and catfish (Buck
and Axel, 1991; Ngai et al., 1993b). We performed the
polymerase chain reaction (PCR) on zebrafish genomic
DNA using degenerate primers corresponding to highly
conserved regions surrounding the third transmem-
brane domain and from within the seventh transmem-
brane domain. PCR products were subcloned into plas-
mid vectors and subjected to DNA sequencing. Through
an iterative process involving sequencing of cloned PCR
products and using these cloned PCR inserts to back-
screen a minilibrary constructed from PCR amplification
products, we isolated and characterized PCR se-
quences that represent six distinct odorant receptor
gene subfamilies. A gene subfamily is operationally de-
Figure 1. Deduced Amino Acid Sequences of the Zebrafish Odorantfined as those sequences that cross-hybridize under
Receptor PCR Products
standard conditions of stringency; thus, members from
PCR was performed using degenerate primers corresponding to
one subfamily do not cross-hybridize with members conserved regions near transmembrane domain 3 and within trans-
from another subfamily under standard conditions. The membrane domain 7 in previously identified odorant receptors. The
deduced amino acid sequences of thesix representative deduced amino acid sequences of six zebrafish olfactory receptor
PCR products, exclusive of the primer sequences, are shownzebrafish odorant receptor PCR products are presented
aligned to a representative catfish odorant receptor, receptor 32in Figure 1. As a group, the zebrafish odorant receptors
(c32) (Ngai et al., 1993b). The last 12 amino acids of the zebrafishshow greatest sequence similarity to the odorant recep-
receptor 2 sequence are missing owing to the presenceof an internal
tors identified previously. The six zebrafish receptors XbaI restriction endonuclease site, which was used in the cloning
exhibit from 19%±59% sequence similarity toeach other of all PCR products into the plasmid vector. Each of the six zebrafish
and contain short motifs that are found in all receptor receptor clones (receptors 1, 2, 6, 9, 10, and 13) represents a distinct
gene subfamily. The predicted positions of the transmembrane do-sequences. Many, but not all, of the sequence motifs
mains are indicated (IV±VI). Amino acid residues common to at leastconserved among the zebrafish receptors are also found
four of the six zebrafish sequences are highlighted in black. Thein the catfish sequences.
c32 sequence is also highlighted where amino acids are identical
to conserved residues in the zebrafish receptors. Dashed lines under
the c32 sequence indicate conserved positions within the family of
Size of the Zebrafish Odorant Receptor Gene Family catfish odorant receptors described previously (Ngai et al., 1993b).
To analyze the complexity of the zebrafish odorant re-
ceptor gene family, we performed genomic DNA blot
hybridizations using the six odorant receptor PCR number of member genes per subfamily. Under condi-
tions of reduced stringency, a total of z26 bands isclones as probes. DNA blots were prepared from zebra-
fish genomic DNA digested with restriction endonucle- identified with the six receptor probes in genomic DNA
blots (data not shown).ases, HindIII or XbaI, and hybridized to individual cloned
receptor PCR probes. Since neither enzyme cleaves
within any of the PCR sequences we have isolated, the Expression of Odorant Receptors in the Adult
Zebrafish Olfactory Epitheliumnumber of genomic fragments identified with these
probes should closely approximate the number of ho- We performed RNA in situ hybridizations with adult ol-
factory tissue to verify that the zebrafish odorant recep-mologous genes in the genome. Under standard hybrid-
ization conditions, the six receptor probes hybridize to a tor sequences we have identified are indeed expressed
in olfactory neurons. To facilitate the identification oftotal of z12±15 bands in either restriction endonuclease
digest (Figure 2). Receptors 2 and 9 each identify a the olfactory epithelium in our histological preparations,
we amplified a fragment of the zebrafish olfactory cyclicsingle band, suggesting that these receptor genes exist
as unique sequences in the zebrafish genome. The re- nucleotide±gated cation channel by PCR (see Experi-
mental Procedures).This amplification product was thenmaining receptor probes detect 2±5 bands each, sug-
gesting that these receptor subfamilies contain a similar cloned, sequenced, and used as a probe in RNA in situ
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derived from a multigene subfamily will detect other
members of that subfamily. We find that the six odorant
receptor sequences described in Figure 1 are expressed
in small subsets of cells within the olfactory epithelium
(Figures 3C±3H).
An analysis of the number of receptor-positive cells
detected in serial sections of entire adult olfactory ro-
settes indicates that the number of cells expressing
sequences complementary to each receptor probe
ranges from z200 to z1000 cells per rosette (Table 1).
There are z1000 cells expressing receptor 2 per rosette,
which comprise 2.5% of the olfactory neurons, as deter-
mined by double-label in situ hybridization with receptor
2 and olfactory channel probes. Thus, the individual
receptor probes used in this study each identify 0.5%±
2.5% of the neurons in the adult olfactory epithelium.
These results are comparable to those obtained pre-
Figure 2. Genomic DNA Blot Analysis with the Six Divergent Zebra- viously in the catfish, where we have estimated that
fish Receptor Sequences individual odorant receptors are expressed in 0.5%±2%
Zebrafish genomic DNA was isolated and digested with HindIII of the olfactory neurons (Ngai et al., 1993a).
(lanes 1) or XbaI (lanes 2). Following electrophoresis and blotting,
By surveying RNA in situ hybridizations performed onfilters were annealed with each of the cloned odorant receptor PCR
serially sectioned rosettes, we find that cells expressingsequences under standard conditions of stringency. Positions of
a given receptor or receptor subfamily appear to beDNA molecular weight markers are shown to the left, in kilobase
pairs. dispersed throughout the olfactory epithelium. While the
topography of odorant receptor expression in the zebra-
fish has not been rigorously examined by three-dimen-hybridizations. The olfactory cyclic nucleotide±gated
sional reconstruction techniques, these observationschannel is expressed in mature olfactory neurons and
suggest that, as previously found in the catfish (Ngai etthus serves as a useful marker for these cells (Nakamura
al., 1993a), specific olfactory neurons (defined by theand Gold, 1987; Goulding et al., 1992). As in other fish
receptors they express) are distributed randomly withinspecies, the zebrafish olfactory epithelium is organized
the epithelium.in two bilaterally paired structures known as olfactory
rosettes. The rosette is a multilamellar structure wherein
the individual epithelial sheets, or lamellae, appear to
Ontogeny of the Zebrafish Olfactory Epitheliumemanate from a central raphe (see Hara, 1975; Ngai et
The ontogeny of the zebrafish olfactory system has beenal., 1993a). In horizontal sections of an adult zebrafish
described in detail previously (Hansen and Zeiske,head, the lamellae of the rosette appear as finger-like
1993). Briefly, the olfactory epithelium arises embryolog-projections from the raphe (see Figure 3). Tissue sec-
ically from the olfactory placodes (see Figures 4A andtions containing olfactory rosettes were annealed with
4B). In the zebrafish, the olfactory placodes first appeara 33P-labeled antisense RNA probe for the zebrafish ol-
at 14±16 hr postfertilization (6±10 somites) as bilaterallyfactory cyclic nucleotide±gated cation channel, washed,
paired thickenings of subepidermal ectoderm at the ros-and exposed to photographic emulsion. As shown in
tral±ventral region of the head, between the developingFigure 3A, olfactory neurons identified with the olfactory
forebrain and the optic vesicles. By z24 hr postfertiliza-channel probe are found in the medial portion of each
tion (20 somites), axonshave emerged from the placodallamella, occupying the region adjacent to the raphe.
cells and appear to make contact with the forebrain.This region, comprising the olfactory epithelium proper,
Fasciculation of axons emerging from the olfactory plac-is surrounded by an indifferent, nonsensory epithelium,
ode is evident by 36 hr, and glomerular fields have beenwhich is devoid of any olfactory neurons.
observed in the forebrain by 2±3 days of developmentWe next carried out double-label RNA in situ hybrid-
(Wilson etal., 1990). Hatching occurs at z72 hrpostfertil-izations with a 33P-labeled antisense RNA probe for re-
ization.ceptor 2 (a single copy gene in the zebrafish genome)
We utilized the olfactory cyclic nucleotide±gated cat-and a digoxigenin-labeled antisense RNA probe for the
ion channel as a marker for the appearance of olfactoryolfactory cyclic nucleotide±gated cation channel. Figure
neurons in the developing olfactory placode. Zebrafish3B demonstrates that receptor 2 is expressed within the
embryos were harvested at 12, 16, 24, and 30 hr postfer-olfactory epithelium of the olfactory rosette and colocal-
tilization; tissue sections from these embryos were pre-izes to a subset of olfactory neurons. Quantitation of
pared for RNA in situ hybridization using a 33P-labeledthese in situ hybridization signals in representative tis-
olfactory cyclic nucleotide±gated channel antisensesue sections reveals that receptor 2 is expressed in
RNA probe. Specific hybridization to the channel probez2.5% of the olfactory neurons in the zebrafish epithe-
is observed over the olfactory placodes beginning at 24lium (253 receptor-positive cells versus 9584 cyclic nu-
hr postfertilization (Figure 4). From this time onward, thecleotide±gated channel±positive cells). Additional 33P
hybridization appears diffuse over a large area of eachand 35S RNA in situ hybridization experiments using each
olfactory placode, indicating that the cyclic nucleotide±of the six zebrafish odorant receptor sequences as a
gated channel is expressed in a significant fraction ofprobe are shown in Figures 3C±3H. Under our conditions
of hybridization and washing, we expect that a probe cells in the olfactory placode.
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Figure 3. Localization of Odorant Receptor Expression to the Adult Zebrafish Olfactory Epithelium
Horizontal sections of adult zebrafish heads containing olfactory rosettes were hybridized to 33P-, 35S-, and digoxigenin-labeled antisense
RNA probes and subjected to chromogenic development to localize digoxigenin-labeled probe and/or to autoradiography to localize radioactive
probe.
(A) Low power dark-field micrograph of an in situ hybridization with a 33P-labeled probe specific for the olfactory cyclic nucleotide±gated
cation channel. Hybridization is restricted to the medial portions of the lamellae in the bilaterally paired olfactory rosettes and therefore defines
the area comprising the olfactory epithelium (oe). The anterior tip of the animal's snout is pointing toward the upper left-hand corner of the
panel. Bar, 200 mm.
(B) Double-label in situ hybridization using a 33P-labeled probe for receptor 2 and a digoxigenin-labeled probe for the olfactory cyclic
nucleotide±gated channel. In this bright-field micrograph, olfactory channel RNA is localized by a histochemical chromogenic reaction that
leaves a bluish-purple precipitate within the positive cells; cells expressing receptor 2 RNA are identified by the overlying dark grain clusters.
(C±H) RNA in situ hybridizations using 33P- or 35S-labeled probes specific for the following receptors or receptor subfamilies: receptor 2 (C),
receptor 1 (D), receptor 6 (E), receptor 9 (F), receptor 10 (G), and receptor 13 (H). Tissue sections were visualized with simultaneous differential
interference contrast (DIC) and dark-field optics. Autoradiographic silver grains corresponding to receptor-specific hybridization appear as
bright signals in these micrographs. Bar, 100 mm for (B±H).
Developmentally Regulated Expression of through several weeks postfertilization and prepared for
RNA in situ hybridizations. To maximize the sensitivityZebrafish Odorant Receptors
As an approach toward elucidating the mechanisms un- of our assays for odorant receptor gene expression, and
therefore to minimize the possibility of overlooking lowderlying the regulation of odorant receptor gene expres-
sion, we analyzed the expression of zebrafish odorant levels of receptor expression early in development, we
elected to perform in situ hybridizations on tissue sec-receptor RNAs during embryonic and early larval devel-
opment. Zebrafish embryos were harvested from 12 hr tions with 33P- and 35S-labeled antisense RNA probes.
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Table 1. Number of Cells Hybridizing to Individual Odorant
Receptor Probes in the Adult Zebrafish Olfactory Epithelium
Receptor Probe Cells/Rosette n
1 183 6 25 6
2 1034 6 134 4
6 176 6 23 4
9 277 6 39 6
10 391 6 66 6
13 257 6 20 8
Values indicate the mean number of cells per adult olfactory rosette
hybridizing to each odorant receptor probe by in situ hybridization.
Each rosette scored contains between 10 and 13 lamellae. Values
are given as mean 6 SEM (n 5 number of rosettes scored).
Odorant receptor expression is first detected in the
olfactory placode at 30 hr postfertilization (Figures 5 and
6). Probes for receptors 1, 2, and 9 each detect a small
number of cells at this time point, whereas no signal is
detected at 24 hr. Expression of these receptors there-
fore commences sometime between 24 and 30 hr. By
36±48 hr of development, the number of signals in-
creases dramatically, and sections of olfactory placodes
containingmultiple receptor-positive cellsare observed.
In situ hybridizations for receptor 1 at 30±120 hr are Figure 4. Localization of Olfactory Cyclic Nucleotide±Gated Chan-
shown in Figure 5. Representative micrographs from in nel RNA to the Olfactory Placodes during Embryogenesis
situ hybridizations for receptor 2 and receptor 9 at 30, Tissue sections of staged embryos harvested at 24 hr (A and C) and
30 hr (B and D) were annealed with a 33P-labeled olfactory cyclic36, and 48 hr are shown in Figures 6A±6F. By contrast,
nucleotide±gated channel probe, washed, and subjected to autora-cells expressing RNA complementary to receptor 13 are
diography. DIC micrographs are shown in the top row, with thenot observed until 36±48 hr of development; these cells
corresponding dark-field micrographs for each shown underneath
increase in their frequency through 120 hr postfertiliza- in the bottom row. Retinal pigmentation gives rise to birefringence
tion (Figures 6G±6I). Interestingly, probes for both recep- surrounding the eyes under dark-field illumination. e, developing
tor 6 and receptor 10 detect very few cells until 2±4 eyes; fb, forebrain structures; o, olfactory placodes. Bar, 100 mm.
weeks of development (see below), long after the time
of hatching. probe was calculated and tabulated in Table 2. Signals
Our in situ hybridizations suggest that the odorant for receptors 1, 2, and 9 are observed in 3%±13% of
receptor genes may be activated at different times of the olfactory placode sections at 30 hr of development,
development. To define further the temporal patterns of and the frequency of positive placode sections in-
odorant receptor gene expression, we analyzed our data creases to 17%±48% by 36 hr. The level of receptor-
in the following way. Radioactive in situ hybridizations positive sections remains high (31%±68%) through 120
were carried out on 10 mm tissue sections containing hr of development. Expression of these receptor sub-
staged embryonic material. A positive control, con- families persists through several weeks of development
sisting of adult olfactory epithelium, was included in (data not shown) and adulthood (see Figures 3B±3D
each experiment. Following autoradiography, slides and 3F).
were coded and scored blind. Slides were first carefully While all six of the receptors we have examined are
scanned under bright-field optics to identify tissue sec- expressed in the adult (see Figure 3), the onset of ex-
tions containing olfactory placodes. Whenever a portion pression for receptors 6, 10, and 13 shows different
of an olfactory placode was identified, it was next exam- kinetics than that of receptors 1, 2, and 9. The probe
ined under dark-field optics to determine whether any for receptor 13 detects only a small number of cells
receptor-specific hybridization was present. A total of through 36 hr of development (0%±0.5% receptor-posi-
z4900 olfactory placode sections (representing 500± tive sections; Table 2). Expression of receptor 13 is then
1000 olfactory placodes, each of which is 50±100 mm dramatically induced by 48 hr, when 23% of olfactory
thick) were identified and examined for receptor expres- placode sections exhibit expression of receptor 13 RNA.
sion at 24, 30, 36, 48, 72, and 120 hr postfertilization. For This expression is maintained at 72 hr (27% positive
statistical analysis, data were compiled from numerous sections) and 120 hr (60% positive sections). Surpris-
experiments and binned by slides to control for any ingly, the probe for receptor 6 fails to detect any cells
experimental variation from slide to slide; each slide from 24 through 72 hr postfertilization (672 olfactory
typically contained tissue sections representing material placode sections scored), and only 4% of olfactory plac-
from about 10 different olfactory placodes (see Experi- ode sections are found to contain receptor 6±expressing
mental Procedures for details). For each receptor time cells at 120 hr. Receptor 10 also identifies a low number
point, the mean percentage of olfactory placode sec- of positive sections through 120 hr of development, with
0%±5% of sections positive at 24, 30, 48, 72, and 120tions that exhibit cells hybridizing to a given receptor
Neuron
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Figure 5. Expression of Odorant Receptor 1 in the Zebrafish Olfactory Placode
In situ hybridizations were performed with a 33P-labeled probe for receptor 1, which was annealed with tissue sections from zebrafish embryos
harvested at 30 hr (A), 36 hr (B), 48 hr (C), 72 hr (D), and 120 hr (E) of development. Following autoradiography, sections were viewed by DIC
optics. Arrowheads indicate silver grain clusters corresponding to hybridization of probe to cells in the olfactory placode. The inset in (E) is
a micrograph using simultaneous DIC and dark-field optics to enhance the hybridization signal in the placode (the region represented by the
insert is indicated with the large arrow), which is somewhat obscured in the micrograph using DIC optics alone. Bar, 100 mm.
hr. Curiously, 11% of the olfactory placode sections 6 and 10 increase in their frequency, we quantitated
receptor-specific in situ hybridization signals from juve-are positive with receptor 10 probe at 36 hr, perhaps
reflecting a transient accumulation of cells expressing nile zebrafish. We observe that the frequency of these
cells increases dramatically by 2±4 weeks of develop-receptor 10 (or receptor 10 subfamily members) at this
time point. ment, with z30% of identified olfactory epithelium sec-
tions exhibiting positive cells at these times (Table 3;
Figure 7).Comparison of Odorant Receptor Expression in the
Adult and Embryo Our results clearly demonstrate an asynchrony in the
appearance of cells expressing distinct odorant recep-We next examined the possibility that certain receptors
are detected only later in development because they tors in the developing zebrafish olfactory system. How-
ever, our method of scoring receptor-positive olfactoryare expressed in a smaller fraction of neurons than the
``early'' class of receptors. Cells from the ``late'' class placode sections does not account for an increase in
cell number in the placode during development. Thus,might then escape detection in the early placode simply
because they are present in relatively low numbers. a direct determination of the fraction of cells expressing
a particular receptor is precluded from the data tabu-However, a comparison of the frequency of specific re-
ceptor-positive cells in the adult with the apparent onset lated in Table 2. To address this issue, we performed a
preliminary analysis of the percentage of total olfactoryof expression rules this out. For example, the onset of
receptor 1 expression occurs between 24 and 30 hr of placode cells expressing RNA complementary to a rep-
resentative receptor probe. From an in situ hybridizationdevelopment (see Table 2) and is found in z180 cells
per adult olfactory rosette (see Table 1). By contrast, experiment performed with receptor 1, the number of
positive signals and the total number of cells werethe first onset of receptor 6 expression is not detected
until 120 hr, yet the number of cells expressing this counted in 9±13 random olfactory placode sections at
36, 48, 72, or 120 hr (corresponding to z1200±1400 totalreceptor in the adult is equivalent to the number ex-
pressing receptor 1. Moreover, receptors 1, 2, and 9 are olfactory placode cells per time point; data not shown).
We find that 0.6%±1% of the olfactory placode cells areall detected by 30 hr, yet they are found in a disparate
number of neurons in the adult (183, 1034, and 277 cells positive at each time point. While not directly compara-
ble with the frequency of positive cells in the adult, thisper adult olfactory rosette, respectively; see Table 1).
Interestingly, while cells expressing receptors 6 and value is in accord with the fraction of neurons expressing
sequences complementary to receptor 1 in the adult10 (or their subfamily members) are sparse through 120
hr postfertilization as compared with those expressing epithelium; z0.5% of the olfactory neurons in the adult
hybridize to the probe for receptor 1 (roughly one-fifthother receptors (see Table 2), they are each detected in
z200±400 cells per adult rosette. To determine when as many cells are labeled by the probe for receptor 1
as for receptor 2, with the latter comprising 2.5% of theneurons expressing genes complementary to receptors
Odorant Receptor Expression in Zebrafish
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Figure 6. Asynchrony of Odorant Receptor Gene Expression in the Olfactory Placode
Tissue sections from staged zebrafish embryos were subjected to RNA in situ hybridizations with 33P- and 35S-labeled odorant receptor probes.
Following autoradiography, hybridization signals were visualized by simultaneous DIC and dark-field optics.
(A±C) Cells expressing receptor 2 (z2) are observed in olfactory placodes in embryos harvested at30 hr (A), 36 hr (B), and48 hr (C) postfertilization.
(D±F) Cells expressing receptor 9 (z9) are seen at 30 hr (D), 36 hr (E), and 48 hr (F).
(G±I) Cells positive with receptor 13 probe (z13) appear somewhat later than those positive for receptors 1, 2, and 9, beginning at 48 hr (G),
72 hr (H), and 120 hr (I).
The olfactory placodes (arrows) are identified, in part, by their positions adjacent to the developing eyes (e) and forebrain structures. Note
the presence of multiple positive cells per section in the later stage embryos of each series. Bar, 50 mm.
olfactory neurons; see Table 1; Figure 3). These results Recent investigations in the mouse and rat have shown
that olfactory neurons expressing a given receptor con-suggest that, once expression is fully activated, the frac-
tion of cells expressing a given receptor remains fairly verge precisely to one or a few glomeruli in the olfactory
bulb (Ressler et al., 1994; Vassar et al., 1994). The impli-constant, even though the absolute size of the olfactory
epithelium increases through development. cation that each glomerulus receives 1:1 input from just
a single class of olfactory neurons (as defined by the
receptor that class expresses) is consistent with a corre-Discussion
lation of the numberof glomeruli (z2000 per adult rodent
olfactory bulb; Pomeroy et al., 1990; Meisami and Sen-We have isolated six representative subfamilies of ze-
brafish odorant receptors using PCR based upon pre- dera, 1993) and the presumed number of odorant recep-
tor genes (z1000 per genome; Buck and Axel, 1991;viously identified receptor sequences from rats and cat-
fish (Buck and Axel, 1991; Ngai et al., 1993b). Under Levy et al., 1991; Parmentier et al., 1992; Ben-Arie et al.,
1994). It is tempting to speculate that such a correlationconditions of reduced stringency, these sequences to-
gether identify only z26 bands in genomic DNA blots. would apply to the zebrafish olfactory system as well,
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Table 2. Percentage of Olfactory Placode Tissue Sections Demonstrating Odorant Receptor Expression by RNA In Situ Hybridization
Receptor Stage Postfertilization
Probe
24 hr 30 hr 36 hr 48 hr 72 hr 120 hr
1 0 13 6 4 48 6 6 60 6 7 48 6 2 47 6 9
n 5 4 n 5 4 n 5 4 n 5 3 n 5 3 n 5 3
(90) (189) (240) (172) (97) (165)
2 0 3 6 2 17 6 7 33 6 4 31 6 10 68
n 5 3 n 5 3 n 5 5 n 5 3 n 5 3 n 5 1
(111) (139) (232) (181) (46) (22)
9 0 4 6 1 27 6 5 36 6 5 39 6 7 56 6 2
n 5 3 n 5 4 n 5 4 n 5 2 n 5 2 n 5 2
(60) (143) (246) (101) (135) (73)
13 0 0 0.5 6 0.4 23 6 4 27 6 5 60 6 6
n 5 3 n 5 4 n 5 4 n 5 3 n 5 3 n 5 2
(81) (213) (175) (178) (139) (179)
10 0 2 6 2 11 6 3 5 6 2 4 6 0.8 3 6 1
n 5 3 n 5 4 n 5 3 n 5 3 n 5 3 n 5 3
(78) (118) (104) (107) (181) (89)
6 0 0 0 0 0 4 6 1
n 5 2 n 5 4 n 5 4 n 5 3 n 5 4 n 5 3
(39) (153) (110) (146) (224) (164)
Where applicable, values are given as the mean 6 SEM (n 5 number of slides scored). A value of 0 indicates that no olfactory placode
sections were found to be positive for receptor expression. Numbers in parentheses indicate the total number of placode sections that were
identified for each time point. Each slide typically represents material from z10 different olfactory placodes (see the text and Experimental
Procedures).
where each olfactory bulb contains z80 glomeruli (Baier period when a large number of cells begin to show mor-
and Korsching, 1994). While the absolute size of the phological characteristics distinctive of olfactory neu-
zebrafish repertoire remains unknown at this time, from rons, such as apical cilia and microvilli, as well as fascic-
our genomic blot analysis with these six representative ulated axonal processes extending toward the forebrain
receptor sequences, together with the anatomic organi- (Hansen and Zeiske, 1993). A second temporal class of
zation of the zebrafish olfactory bulb, we estimate that receptors, which includes receptor 13, appears in the
the zebrafish odorant receptor repertoire encodes on placode between 36 and 48 hr. Expression of a third
the order of 100 individual genes. class, represented by the receptor 6 subfamily, is not
induced until 120 hr, following the time of hatching.
Interestingly, the frequencies of cells expressing the re-Expression of Odorant Receptor Genes in the
ceptor 6 and receptor 10 subfamilies remain relativelyDeveloping Olfactory Placode
low until z2±4 weeks of development, at which timeTo investigate the molecular events that occur during
there is a dramatic increase in their numbers. In spiteolfactory neurogenesis, we have examined the patterns
of these differences in the timing of receptor gene acti-of odorant receptorgene expression during the develop-
vation, a comparable number of cells in the adult epithe-ment of the zebrafish olfactory placode by RNA in situ
lium were found to express sequences complementaryhybridizations. Expression of the first temporal class of
to each of the probes used in this study (several hundredreceptors, represented by receptors 1, 2, 9, and 10, is
to z1000 positive cells per olfactory rosette).detected by 30 hr postfertilization, corresponding to a
Our in situ hybridization experiments indicate that
odorant receptor expression temporally follows the pe-
riod when the olfactory cyclic nucleotide±gated channelTable 3. Percentage of Olfactory Epithelium Tissue Sections
from Juvenile Zebrafish Demonstrating Odorant Receptor is expressed and the first axons reach the forebrain (24
Expression by RNA In Situ Hybridization hr; Hansen and Zeiske, 1993). However, there may exist
a class of odorant receptor genes for which we haveReceptor Stage Postfertilization
Probe yet to isolate molecular probes, whose members are
11 days 2 weeks 3 weeks 4 weeks
expressed in cells early in development. This interpreta-
10 0 14 38 6 10 44 tion is supported by two observations. First, our studies
n 5 2 n 5 1 n 5 4 n 5 1 have revealed multiple temporal classes of odorant re-
(22) (36) (73) (18)
ceptors, such that individual receptor genes are ex-6 8 6 3 7 6 2 ND 33
pressed in the zebrafish olfactory placode or epitheliumn 5 2 n 5 2 n 5 1
(36) (86) (39) at different stages of development. Second, in the ro-
dent, odorant receptors are expressed in the olfactoryWhere applicable, values are given as the mean 6 SEM (n 5 number
placode before the first contacts are made with theof slides scored). A value of 0 indicates that no olfactory epithelium
sections were foundto be positive for receptor expression. Numbers olfactory bulb primordium in the forebrain (Nef et al.,
in parentheses indicate the total number of epithelium sections that 1992; Strotmann et al., 1995). Thus, the first detectable
were identified for each time point. ND, not determined.
onset of specific odorant receptor gene activation in the
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Figure 7. Odorant Receptor Expression in
Juvenile Zebrafish
Radioactive in situ hybridizations were per-
formed on tissue sections from zebrafish at
2 and 4 weeks of development. Following au-
toradiography, slides were viewed with DIC
optics (A and C) or with simultaneous DIC
and dark-field optics (B and D). Arrowheads
indicatesignals from cells in the olfactory epi-
thelium hybridizing to probes for receptor 10
at 2 weeks of development (A and B) or for
receptor 6 at 4 weeks of development (C and
D). Bar, 100 mm.
zebrafish embryo at 30 hr probably reflects the appear- position in the sensory epithelium. In the olfactory sys-
tem, however, the location of a neuron in the olfactoryance of these receptors within olfactory neurons or neu-
ronal progenitors that had only recently begun their dif- epithelium neither predicts nor dictates the expression
of a particular odorant receptor, and therefore does notferentiation process.
Our conclusions regarding the timing of odorant re- confer upon that neuron its specific functional identity.
Rather, cells expressing a given receptor appear to beceptor gene expression should be tempered by the fol-
lowing considerations. First, it is formally possible that randomly distributed throughout the entire olfactory epi-
thelium in fish (Ngai et al., 1993a) and distributed amongodorant receptor genes are expressed early in develop-
ment at levels below the detection limits of our in situ a small number of broad zones in mammals (Ressler
et al., 1993; Vassar et al., 1993), suggesting that thehybridizations. We estimate that our in situ hybridiza-
tions are capable of detecting a signal roughly one-fifth expression of individual odorant receptor genes is spec-
ified stochastically by olfactory neurons or their progeni-to one-tenth as intense as the signal observed from an
olfactory neuron in the adult. The intensities of signals tors (Ngai et al., 1993a; Chess et al., 1994; Lewin, 1994).
However, asynchrony in receptor expression in the de-in zebrafish olfactory neurons are comparable to those
observed in the catfish, where a given odorant receptor veloping zebrafish olfactory epithelium suggests that
the regulation of specific odorant receptor genes doesRNA is expressed at z100±200 copies per cell (Ngai et
al., 1993b). Thus, while receptor expression may indeed not occur by a purely stochastic mechanism.
In the rodent, zones of odorant receptor expressionbeactivated prior to30 hrof development, themessages
for these genes would be limited to <10±20 copies per are already defined in the olfactory epithelium when
receptors first appear during embryogenesis (Nef et al.,cell, farbelow theirultimate level of expression in mature
cells. Second, the apparent asynchrony of receptor ex- 1992; Strotmann et al., 1995). By contrast, odorant re-
ceptor expression in the zebrafish exhibits temporalpression may in fact be due to the activation of all odor-
ant receptor genes early in development, with thesubse- rather than spatial segregation. Thus, both systems dis-
play some level of restriction on receptor gene expres-quent differential survival of neurons expressing distinct
receptor genes. This alternative interpretation predicts sion; the mechanisms underlying receptor choice are
therefore not purely stochastic in either case.Our obser-that there exists in the early olfactory placode a short-
lived population of neurons that express the ``late'' tem- vations in the developing zebrafish suggest that external
cues arising at different times in development may regu-poral classes of receptors. However, the absence of any
cells expressing receptor 6 from 30 through 72 hr, or late the process of receptor gene regulation.
receptor 13 at 30 hr, precludes this possibility (see
Table 2). Regulation of Odorant Receptor Gene Expression
and the Logic of Olfactory Coding
Previous studies have shown that an individual olfactoryAsynchronous Onset of Odorant Receptor
Expression: Nonstochastic Determination of neuron expresses only one or a few odorant receptor
genes (Ngai et al., 1993a; Ressler et al., 1993; Chess etan Olfactory Neuron's Functional Identity
In most sensory systems, the functional identity of a al., 1994). Cells with common receptor specificities in
turn converge to a small number of glomeruli in theprimary sensory neuron is largely defined by the cell's
Neuron
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olfactory bulb (Ressler et al., 1994; Vassar et al., 1994), patterns of their projections in the olfactory bulb? Re-
cent studieshave shown that olfactory neurons express-suggesting that spatial patterns of innervation in the
olfactory bulb are used to encode olfactory information. ing the same odorant receptor converge upon only one
or a few glomeruli in the rat and mouse (Ressler et al.,The logic underlying olfactory coding is therefore a di-
rect consequence of the exquisite selectivity of odorant 1994; Vassar et al., 1994). Our observation of asynchro-
nous odorant receptor expression suggests that the in-receptor gene regulation and the concomitant targeting
of specific olfactory neurons in the olfactory bulb. How, nervation of individual glomeruli by specific olfactory
neurons in the zebrafish proceeds sequentially duringthen, is a single odorant receptor selected from the
enormous repertoire of genes? In principle, this problem development.
can be reduced in a hierarchical model, where only a
small fraction of receptor genes are competent for tran- Experimental Procedures
scription in a given cell. In this way, the selection of
Zebrafish Aquaculturea particular gene would be made from a more limited
Zebrafish were a gift from Ekk Will Tropical Fish Breeders (Gib-repertoire of available genes. Consistent with this model
sonton, FL). Adult male and female fish were kept in 50 gallon tanks
is the observation that odorant receptor genes undergo on a 14 hr light/10 hr dark schedule. For matings, a small number
allelic inactivation in the mouse (Chess et al., 1994). of male and female fish were placed together in a small breeding
Temporal waves of odorant receptor gene expression tank in the evening. Embryos were harvested the next morning
shortly after fertilization at light onset and immediately sorted awayin the developing zebrafish may reflect a mechanism
from incorrectly staged embryos and debris. Embryos were thenfor reducing the number of transcriptionally competent
incubated at 26.58C (for a comparison to development at 288C, seereceptor genes at different times of development. The
Hansen and Zeiske, 1993; Westerfield, 1993). Because of the time
large time span between the onset of the different tem- it took to sort a given clutch of embryos, we estimate that ourstaging
poral classes of odorant receptors suggests that devel- is accurate to within 1 hr.
opmentally regulated cues may govern the differential
onset of odorant receptor expression. In this scenario, Isolation and Characterization of Zebrafish Odorant
Receptor Sequencessuch cues would either allow or exclude the transcrip-
Routine molecular cloning techniques were carried out accordingtion of different subsets of receptor genes. How might
to standard procedures (Maniatis et al., 1982). Zebrafish odorantthe different temporal classes of zebrafish odorant re-
receptor genes were amplified from zebrafish genomic DNA by PCR
ceptor genes be organized in the genome to accomo- using degenerate primers originally designed against rat odorant
date such a model? Odorant receptor genes have been receptor genes (Buck and Axel, 1991; Ngai et al., 1993b), as de-
scribed previously (Ngai et al., 1993b). The upstream primers corre-found to be clustered in the human genome (Reed,
spond to the amino acid sequences VMAYDR or DRYVAIC, which1992a; Ben-Arie et al., 1994). It is tempting to speculate
follow the third transmembrane domain, and the downstream primerthat receptor genes that reside within the same genomic
corresponds to the amino acid sequence MLNPFIY within the sev-locus constitute a temporal class in the developing ze-
enth transmembrane domain (Ngai et al., 1993b).
brafish. Developmentally regulated cues might then For genomic DNA blot analysis, zebrafish DNA was digested sepa-
allow the transcription of these genes at specific times rately with HindIII and XbaI, electrophoresed on a 1% agarose gel,
and blotted onto Genescreen Plus or Nytran filters. Hybridizationsthrough the action of a locus control region (Grosveld
were performed at 428C overnight (standard stringency: 50% for-et al., 1987; Chess et al., 1994). Transcription of one
mamide, 53 SSC; low stringency: 30% formamide, 53 SSC); finalgene from among those in the cluster could then be
washes were performed at 428C with 0.13 SSC, 0.2% SDS(standardeffected through some stochastic selection mechanism
stringency) or 23 SSC, 0.2% SDS (low stringency).
(Chess et al., 1994). Physical mapping of odorant recep-
tor genes in the zebrafish genome should provide some Isolation of a Zebrafish Olfactory Cyclic Nucleotide±Gated
insight into the issue of whether chromosomal location Channel Sequence
PCR primers were designed against consensus sequences from rat,plays a role indetermining the timing of odorant receptor
bovine, and catfish cyclic nucleotide±gated channels (see Gouldingexpression during development.
et al., 1992). The sequence of the upstream primer is 59-CGAATTCA
(CT)TGGAA(CT)GCITG(CT)(AG)TITA-39, corresponding to the amino
acid sequence HWNAC(IV)Y(VF). The sequence of the downstreamThe Zebrafish as a Model System for Studying
primer is 59-GCTCTAGATCGAT(AG)AA(AG)TGCAT(AG)TA(AG)TG
Olfactory Neuron Determination (CT)TT(AGT)AT-39, corresponding to the amino acid sequence
What is the nature of the putative developmental cues IK(H/Q)YMHF. Complementary DNA was synthesized from adult ze-
brafish olfactory rosette RNA and amplified by PCR. The expectedthat govern odorant receptor gene expression? These
334 nucleotide product was subcloned, and its identity as a cycliccues might be hormonal, and their appearance could
nucleotide±gated cation channel sequence was verified by DNAbe the result of some maturation process driven by the
sequencing. The sequence of the zebrafish olfactory cyclic nucleo-endocrine or neuroendocrine systems. Alternatively,
tide±gated channel PCR product has been deposited in GenBank
cues that regulate odorant receptor expression might and is also available upon request.
derive from a local source, perhaps the olfactory bulb
or the olfactory epithelium itself. Possible local cues RNA In Situ Hybridizations
Olfactory receptor and channel RNAs were localized by in situ hy-might include specific growth factors, neurotransmit-
bridization (Wilkinson et al., 1987a, 1987b) as described (Gouldingters, or cell±cell contacts. Heterochronic transplantation
et al., 1992). Antisense RNA probes labeled with 35S or 33P wereapproaches may prove to be useful in identifying the
synthesized and hybridized to 10 mm thick paraffin sections. Slidesmechanisms that dictate the expression of specific re-
were washed at high stringency, exposed to Kodak NTB-2 emulsion,
ceptors at different times of development. developed after 3±12 weeks, and stained with toluidine blue O.
How might the asynchronous appearance of olfactory Double-label in situ hybridizations were performed using 33P- and
digoxigenin-labeled RNA probes, essentially as described for in situneurons expressing specific odorant receptors relate to
Odorant Receptor Expression in Zebrafish
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hybridization using digoxigenin-labeled probes (Schaeren-Wiemers Siegelbaum, S.A., and Chess, A. (1992). Molecular cloning and sin-
gle-channel properties of the cyclic nucleotide±gated channel fromand Gerfin-Moser, 1993).
For quantitation of odorant receptor expression in embryos, slides catfish olfactory neurons. Neuron 8, 45±58.
from in situ hybridizations using receptor probes were coded and Grosveld, F., van Assendelft, G.B., Greaves, D.R., and Kollias, G.
scored blind with regard to the identity of the probe used and the (1987). Position-independent, high level expression of the human
stage of the embryonic material. Tissue sections containing olfac- b-globin gene in transgenic mice. Cell 51, 975±985.
tory placode or nascent olfactory epithelium were identified in a Hansen, A., and Zeiske, E. (1993). Development of the olfactory
microscope under bright-field optics. Sections of olfactory epithe- organ in the zebrafish, Brachydanio rerio. J. Comp. Neurol. 333,
lium were then checked for the presence of hybridization signals 289±300.
under dark-field optics. Data were compiled from numerous experi-
Hara, T.J. (1975). Olfaction in fish. Prog. Neurobiol. 5, 271±335.ments and binned by slides to control for any slide to slide variation
Lancet, D. (1986). Vertebrate olfactory reception. Annu. Rev. Neu-in experimental parameters such as probe specific activity, different
rosci. 9, 329±355.batches of buffer solutions, etc. In a typical experiment, z50 em-
bryos from a given time point were harvested and placed in an Levy, N.S., Bakalyar, H.A., andReed, R.R. (1991). Signal transduction
individual paraffin block for sectioning. Ten to 20 randomly oriented in olfactory neurons. J. Steroid Biochem. Mol. Biol. 39, 633±637.
sections of 10 mm thickness (each of which may contain multiple Lewin, B. (1994). On neuronal specificity and the molecular basis of
placodes cut in section) were then collected per slide; each block perception. Cell 79, 935±943.
yields about 100 sections. Thus, each slide typically contains tissue
Maniatis, T., Fritsch, E.F., and Sambrook, J. (1982). Molecular Clon-sections representing z10 different olfactory placodes. For each
ing: A Laboratory Manual (Cold Spring Harbor, New York: Coldreceptor time point, the mean percentage of olfactory placode sec-
Spring Harbor Laboratory).tions that exhibit cells hybridizing to a given receptor probe was
Meisami, E., and Sendera, T.J. (1993). Morphometry of rat olfactorycalculated.
bulbs stained for cytochrome oxidasereveals that the entire popula-
tion of glomeruli forms early in the neonatal period. Dev. Brain Res.
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